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Abstract
Ryanodine receptors (RyR) play an important role in the
regulation of intracellular Ca2+ concentration and in the
control of vascular tone. However, the mechanism regu-
lating the activity of RyR is poorly understood. The
present study determined whether protein methylation
participates in the control of RyR activity. Using a planar
lipid bilayer clamping system, S-adenosyl-L-methionine
(SAM), a methyl donor, significantly increased the activi-
ty of a 245-pS reconstituted Ca2+ release channel from
coronary arterial smooth muscle (CASM) in a concentra-
tion-dependent manner. Addition of the protein methyl-
ation blockers, 3-deazaadenosine, S-adenosylhomocys-
teine or sinefungin into the cis solution markedly attenu-
ated SAM-induced activation of RyR/Ca2+ release chan-
nels. By Western blot analysis, arginine N-methyltrans-
ferase (PRMT1) and FK506 binding protein (FKBP) were
detected in the SR used for reconstitution of RyR. In the
presence of anti-PRMT1 antibody (1:100), SAM-induced
activation of RyR/Ca2+ channel was completely abol-
ished. In addition, this SAM-induced increase in RyR/
Ca2+ channel activity was blocked by 30 ÌM ryanodine

and by FK506 (100 ÌM), a ligand for the RyR accessory
protein. These results suggest that protein methylation
activates RyR/Ca2+ release channels and may participate
in the control of intracellular Ca2+ mobilization in CASM
cells by transferring a methyl group to the arginine moi-
ety of the RyR accessory protein, FKBP 12.

Copyright © 2004 S. Karger AG, Basel

Many different posttranslational modifications have
been reported to play an important role in the regulation
of protein activity, such as phosphorylation, ADP-ribosy-
lation, glycolation, nitrosylation and others. Recently,
there has been increasing evidence that methylation also
importantly contributes to the regulation of the function
or activity of many cellular proteins [1–3]. This methyl-
ation occurs by addition of a methyl group to different
amino acid residues of proteins in a reversible manner [4–
7]. It has been demonstrated that highly specific methyl-
transferases promote the methylation of proteins at spe-
cific consensus sites. They use S-adenosyl-L-methionine
(SAM) as a methyl donor to transfer a methyl group onto a
nucleophilic oxygen, nitrogen, or sulfur in a polypeptide
or protein. These methyltransferases are classified into
two major groups, including those that methylate carbox-
yl groups and those that methylate sulfur and nitrogen
groups [8]. Recent studies have implicated arginine meth-
ylation that uses nitrogen as an acceptor of methyl trans-
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fer in a variety of cellular processes from signaling to pro-
tein transport [2, 9]. This arginine methylation of cellular
protein has been considered as an important signaling
mechanism similar to protein phosphorylation [10]. In
this regard, protein methylation has been reported to
mediate the effects of hormones such as aldosterone on
sodium channel activity in renal collecting duct cells [8,
11], suggesting that ion channel methylation may be one
of the important mechanisms regulating their activity.
Moreover, protein methylation has been reported to par-
ticipate in the regulation of cell growth and proliferation,
immunological response, and different agonist responses.

Despite the increasing evidence that protein methyl-
ation plays an important role in numerous cellular activi-
ties [12], little is known regarding the role of protein meth-
ylation in regulating the function of vascular myocytes.
Recent studies in our laboratory have indicated that rya-
nodine receptor (RyR) on the sarcoplasmic reticulum
(SR) of vascular myocytes mediates Ca2+ mobilization
[13, 14] and participates in the control of vascular tone
[15–17]. It has also been reported that the functional
activity of RyR as a Ca2+ release channel is regulated by
protein posttranslational modifications such as phosphor-
ylation, nitrosylation and protein-protein interactions
[18, 19]. Given that protein methylation is considered as
an important regulatory mechanism of ion channel activi-
ty and Ca2+ release response in different cells [10, 12, 20]
and that methyltransferase inhibitor, 3-deazaadenosine
(3-DZA) induces vasodilation through an unknown
mechanism [21], we hypothesized that RyRs may be an
acceptor of methyl transfer by a methyltransferase and
that the methylation of these SR receptors may activate
Ca2+ release from the SR and consequently induce the
contraction of vascular myocytes. To test this hypothesis,
we determined the effects of the methyl donor SAM on
RyR activity in coronary artery myocytes and the effects
of three methylation inhibitors and an anti-methyltrans-
ferase antibody on the SAM-induced activation of these
SR receptors using a planar lipid bilayer clamping tech-
nique. Using Western blot analysis, we confirmed the
presence of an arginine N-methyltransferase (PRMT1)
and FK506 binding protein 12 (FKBP12) in the cyto-
plasm and SR of coronary artery smooth muscle (CASM).
PRMT1 as a methyl transferase is responsible for the
methylation of RyR related protein, FKBP12, thereby
increasing the activity of RyR. These studies indicate that
the arginine methylation of FKBP12 importantly partici-
pates in the regulation on RyR-induced Ca2+ release in
vascular myocytes.

Materials and Methods

Preparation of the SR Membrane and Removal of FKBP 12 from
Bovine Coronary Arteries
Coronary arteries were dissected from bovine heart, and the SR-

enriched microsomes (SR membrane) of these arteries were prepared
as described previously [13, 14]. Briefly, the dissected coronary arter-
ies were cut into very small pieces and homogenized with a Ten-
broeck tissue grinder in ice-cold 3-(N-morpholino)-propanesulfonic
acid (MOPS) buffer containing 0.9 % NaCl, 10 mM MOPS (pH 7.0),
2 ÌM leupeptin, and 0.8 ÌM benzamidine. The homogenate was cen-
trifuged at 4,000 g for 20 min at 4 °C, and the supernatant was fur-
ther centrifuged at 8,000 g for 20 min at 4°C. Then, the supernatant
was collected and centrifuged at 40,000 g for 30 min, and the pellet,
termed SR membrane was resuspended in buffer A containing 0.9%
NaCl, 0.3 M sucrose, and 0.1 ÌM PMSF. The supernatant was col-
lected as cytosol. These cytosol and SR membrane preparations were
aliquoted, frozen in liquid N2, and stored at –80°C until used. FKBP
12 was removed from the RyRs as described previously [22, 23].
Briefly, the SR membranes were incubated with FK506 (10 ÌM ) in
buffer A at 37°C for 15 min. Then, FK 506 incubation mixtures were
centrifuged at 24,000 g for 15 min to remove the soluble FK 506-
FKBP 12 complex in the supernatant from the pellet containing the
RyRs complex. The pellet was washed once again by recentrifugation
using buffer A and then resuspended in buffer A at a protein concen-
tration of 2 mg/ml, termed FKBP 12-stripped SR. In these stripped
SR, no FKBP12 band was detected using specific antibody for this
protein as we reported previously, which indicates that FK506
(10 ÌM ) can completely dissociate FKBP 12 from the SR [13].

Reconstitution of RyR/Ca2+ into Planar Lipid Bilayer
The coronary arterial SR membranes containing RyR/Ca2+ re-

lease channels were reconstituted into planar lipid bilayer as we
described previously [13, 14]. In brief, phosphatidylethanolamine
and phosphatidylserine (1:1) were dissolved in decane (25 mg/ml)
and used to form a planar lipid bilayer in a 250-Ìm aperture between
two chambers filled with cis and trans solutions, respectively. The SR
membranes (50–100 Ìg protein) were added into the cis solution,
which corresponded to the cytosolic side of the SR RyR/Ca2+ release
channels. The trans solution represented the lumenal side of these SR
RyR/Ca2+ release channels. The recording solution in the cis cham-
ber was 300 mM cesium (Cs+) methanesulfonate and 10 mM MOPS
(pH 7.2). The trans solution was the same as the cis solution except
that Cs+ methanesulfonate was 50 mM before fusion and 300 mM
after fusion. In this configuration, Cs+ flows from the lumenal (trans)
to the cytosolic (cis) side at negative holding potentials. Cs+ was cho-
sen instead of Ca2+ as the charge carrier to precisely control [Ca2+]i
around the channel, to increase the channel conductance (gCs

+
/

gCa
2+ = 2) and to avoid interference from K+ channels present in the

SR membrane [24]. Cl– channels were blocked by replacing chloride
with the impermeant anion methanesulfonate. RyR/Ca2+ release
channel activity was detected in a symmetrical cesium methanesul-
fonate solution (300 mM ) in all experiments. To increase the channel
activity, 1 ÌM free Ca2+ in the cis solution was adjusted by adding
Ca2+ standard solution containing CaCl2 and EGTA as described
previously [14, 24].

Recordings of RyR/Ca2+ Release Channel Currents
An Integrating Bilayer Clamp Amplifier (Model BC-525C, War-

ner Ins. CT) was used to record single-channel currents in the bilayer.
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The amplifier output signals were filtered at 1 kHz with an eight-pole
Bessel filter (Frequency Devices Inc., Haverhill, Mass., USA). Cur-
rents were digitized at a sampling rate of 10 kHz and stored on a
Micron Pentium III computer for off-line analysis. Data acquisition
and analysis were performed with pClamp software (version 8, Axon
Instruments, Union City, Calif., USA). The open probability (NPo)
of the channels in the lipid bilayer was determined from recordings of
3–5 min as described previously in our patch clamp studies [25]. All
lipid bilayer experiments were performed at room temperature about
20°C.

Using this bilayer preparation, the effects of SAM on the activity
of RyR/Ca2+ release channels were first determined. After a 3-min
control-recording period at holding potentials of –40 mV, a series of
concentrations of SAM were added into the bath solution, and RyR/
Ca2+ release channel currents were recorded at each 3-min intervals
in the presence or absence of methylation blockers. In these experi-
ments, the SR and other proteins were consistently present in the
cis-solution. Therefore, ryanodine, FK506 and anti-FKBP were used
to confirm that SAM-induced channel activity is associated with the
methylation of RyR complex, rather than other proteins. These com-
pounds were added into the cis solution to determine their effects on
SAM-induced activation of RyR/Ca2+ release channels. In another
series of experiments, anti-arginine N-methyltransferase (anti-
PRMT1) antibody (1:100) was used to determine whether PRMT1 is
involved in this SAM-dependent RyR protein methylation. In addi-
tion, a rabbit IgG was used as a negative control to rule out the poten-
tial effect of nonspecific binding of the antibody. This antibody-nega-
tive experiment was described in our previous study [13]. A 1:100
concentration of these antibodies or IgG was based on preliminary
experiments indicating that anti-PRMT-1 antibody at this concen-
tration could substantially block the SR RyR/Ca2+ channels.

To further address whether SAM-induced activation of the RyR/
Ca2+ release channels is associated with FKBP 12 or occurs on the
channel protein, the effects of SAM on RyR/Ca2+ release channel
activity were examined in the presence of FK 506 (100 ÌM ), ryano-
dine (30 ÌM ) or anti-FKBP12 antibody (1:200), respectively. All
these compounds used in these experiments were added into the cis
solution, and currents were recorded at holding potentials at –40
mV. The concentrations of FK 506, ryanodine or anti-FKBP12 anti-
body (ABR) and other compounds were chosen based on previous
studies showing that they effectively altered the RyR activity [13, 14,
26, 27].

Western Blot Analysis
Western blot analysis was performed as described in our previous

studies [13, 28, 29]. Briefly, 60 Ìg proteins of homogenate, cytosol or
SR from BCASM were subjected to SDS-PAGE (12% running gel)
after heating at 100°C for 5 min. The proteins were electrophoretical-
ly transferred at 100 V for 1.5 h onto nitrocellulose membrane, which
was blocked by 5% non-fat dry milk solution overnight at 4°C. The
membrane was incubated with a monoclonal antibody (1:300) against
the protein arginine N-methyl transferase (anti-PRMT1, Abcam Ltd.)
or a polyclonal antibody against the synthetic FKBP12 peptide for 4 h
at room temperature. After washing 3 times with TBS-T, the mem-
brane was incubated for 2 h with 1:2,000 horseradish peroxidase-
labeled anti-mouse IgG or anti-rabbit Ig G. To detect immunoreactive
bands, 4 ml of enhanced chemiluminescence detection solution 1 and
2 (1:1) (ECL, Pierce, Rockford, Ill., USA) were added directly to the
blots on the surface carrying proteins, and the membrane was wrapped
in Saran wrap and then exposed to Kodak Omat film.

Determination of FKBP Methylation in the SR
To provide direct evidence that FKBP in the SR preparations can

be methylated, an in vitro analysis of FKBP methylation was per-
formed by a modification of the method previously described [8, 11,
20]. The SR from bovine CASM (20–100 Ìg protein) were incubated
at 37°C for 60 min with 5 ÌCi [methyl-3H]-S-adenosylmethionine
([3H]-SAM) (15 Ci/mmol from Sigma Biochem, Inc.). This incuba-
tion allowed the enzyme to transfer the 3H-methyl group from SAM
into SR proteins. To ascertain that FKBP is methylated, we used
FK506 to dissociate this protein from RyR complex and then quanti-
fy the amount of methyl-containing FKBP. This FK506 dissociation
was described in our previous studies for characterization of the SR
RyR/Ca2+ channels [13]. In brief, the reaction mixtures were incu-
bated with FK506 (10 ÌM ) for 15 min and then centrifuged at
24,000 g for 15 min. As stated above, the FKBP with bound FK506
remained in the supernatant. This supernatant was used to quantify
methylated FKBP. To remove free [3H]-SAM, the supernatant was
filtered using Whatman GF/C glass fiber filters, and the filters were
washed twice with cold distilled water using a Brandel M-24R har-
vester (Gaithersburg, Md., USA). Then, the filters were placed in a
liquid scintillation cocktail and counted in a Beckman LS 6000IC
ß-counter. In this assay, negative controls including nonradioactive
reaction mixtures and non-SR protein reaction mixtures were per-
formed in parallel. The scintillation counts (cpm) in experimental
groups were normalized by subtracting negative controls and then
converted to the amount of [3H]-SAM (fmol) consumed in the reac-
tion or bound to the FK506-dissociated proteins. Although FK506
may dissociate other FKBPs in the supernatant, our previous results
demonstrated that the primary form of FKBP was FKBP 12 in coro-
nary arterial preparations. Therefore, we used the radioactivity of
FK506-bound protein in the supernatant to represent methylated
FKBP 12, which was expressed as femtomoles 3H-labeled methyl per
microgram protein.

Statistics
Data are presented as mean B SEM. The significance of the dif-

ferences in mean values between and within multiple groups was
examined using an analysis of variance for repeated measures fol-
lowed by a Duncan multiple range test. p ! 0.05 was considered sta-
tistically significant.

Results

SAM-Induced Activation of RyR/Ca2+ Release
Channels
With symmetrical cesium in cis and trans solutions, a

unitary Cs+ current through the reconstituted receptor/
channel complex in the lipid bilayer was detected at hold-
ing potentials from –40 to +40 mV. Mean slope conduc-
tance for these SR Cs+ currents was 245 B 4.5 pS with a
reversal potential of F0 mV, and the channel activity is
dependent on the magnitude of holding potentials rather
than the polarity of clamp voltage, which is consistent
with our previous results [14]. Figure 1a depicts the repre-
sentative recordings of single channel Cs+ currents before
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and after the addition of SAM into the cis solution. SAM
significantly increased the channel openings. In addition,
in the presence of SAM, a small conductance of Cs+ with
about 25 pS could be detected. However, these small con-
ductance channels were not characterized in the present
study. In figure 1b, SAM at concentrations of 0.01–
1.0 mM increased the NPo of the 245 pS channels in a
concentration-dependent manner. The NPO was in-
creased from 0.0033 B 0.0006 in control to 0.0189 B
0.0039 in the presence of 1.0 mM SAM.

Effects of Protein Methylation Blockers on
SAM-Induced Activation of Reconstituted RyR/Ca2+

Release Channels from BCASM
As shown in figure 1, the protein methylation blocker,

3-DZA substantially blocked SAM-induced activation of
RyR/Ca2+ release channels. In the presence of 3-DZA,
SAM-induced increase in the NPo of RyR/Ca2+ release
channels was completely blocked. Figure 2a presents rep-
resentative recordings of RyR/Ca2+ release channels in
the presence of SAM and two other specific protein meth-
ylation inhibitors. Both SAH and sinefungin inhibited
SAM-induced activation of RyR/Ca2+ release channels.
As shown in figure 2b, the NPo of these RyR/Ca2+ release
channels was increased by SAM by 1.9- to 6.3-fold at 0.1
and 1 mM, respectively. Pretreatment of the SR mem-
brane with the methylation blockers, SAH or sinefungin
substantially inhibited SAM-induced increase in the NPo

of RyR/Ca2+ release channels.

Identification of PRMT1 in the SR of BCASM
Western blot analysis was performed using the homog-

enate, cytosol or SR from bovine coronary arterial smooth
muscle (BCASM) to confirm the presence of PRMT1 and
FKBP12. As shown in figure, an immunoreactive band
was recognized by anti-PRMT1 or anti-FKBP12 anti-
bodies, respectively. Both PRMT1 and FKBP12 were
higher in the SR fraction than in cytosol. The densitome-
try analysis was performed. Since most loading markers
such as ß-actin and GAPDH exist in different amounts in
the cytosol compared to the SR, there was no good loading
control that could be used to show an equal loading
amount of SR and cytosol. In these experiments, there-
fore, care must be taken to measure and calculate protein
concentrations for each lane on gel before loading. After
requisition of the intensity of each immunoreactive band,
a relative intensity (normalized to that detected in homog-
enates) was calculated to present results from these exper-
iments. As shown in figure 3b, the relative intensity was
significantly higher in the SR preparations than in cytosol

Fig. 1. a Representative recordings showing the effects of SAM
(0.01–1 mM ) on the activity of reconstituted Ca2+ release channels
from coronary arterial smooth muscle in the absence or presence of
3-DZA. The traces were chosen from the same bilayer preparation if
the experiments were paired (before and after drug treatment) or
from two recordings using the same SR if the experiments were
unpaired. b Summarized data depicting the effect of SAM on the
NPo of reconstituted RyR/Ca2+ channels in the absence or presence
of 3-DZA (5 ÌM ) (n = 8–12 membrane preparations from 6 hearts).
Vehicle indicates addition of the solvent for 3-DZA (1% ethanol in
cis-solution). * Indicates significant difference from control (p !

0.05). # indicates significant difference from the values obtained
from vehicle-treated group.
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Fig. 2. a Representative recordings showing the effects of SAM on
the activity of reconstituted Ca2+ release channels from coronary
arterial smooth muscle in the absence or presence of SAH (100 ÌM )
or sinefungin (1 mM ). b Summarized data depicting the effect of
SAM on the NPo of reconstituted RyR/Ca2+ channels in the absence
or presence of SAH or sinefungin (n = 6 hearts). Vehicle indicates
addition of the solvent for SAH or sinefungin (1% methanol in cis-
solution). * Indicates significant difference from control (p ! 0.05).
# Indicates significant difference from the values obtained from the
vehicle-treated group.
Fig. 3. Western blot analysis of PRMT1 and FKBP 12. a Represen-
tative gel document showing the expression of PRMT1 and FKBP 12
in the homogenate (Homo), cytosol and SR prepared from bovine
coronary arterial smooth muscle. b Summarized data depicting the
distribution of PRMT1 and FKBP (n = 4). * p ! 0.05 compared with
the value obtained from cytosol.
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(n = 4). It should be noted that since the major goal of
these experiments was to confirm the coexistence of these
proteins, the comparison of their amounts in the SR and
cytosol was not critical. From the results, it is clear that
both PRMT1 and FKBP are present in the SR of BCASM
and are recognized by specific antibodies. Thus, these
antibodies can be used in the bilayer experiments to deter-
mine the role of PRMT1 or FKBP in SAM-induced activ-
ity of RyR/Ca2+ release channels.

Effects of Anti-PRMT Antibody on SAM-Induced
Activation of Reconstituted RyR/Ca2+ Release
Channels from BCASM
As shown in figure 4a, SAM increased the activity of

RyR/Ca2+ release channels in the absence of the antibody
against PRMT1 (control) or in the presence of rabbit IgG
(IgG + SAM). Pretreatment of the SR membrane with an
anti-PRMT1 (1:100) markedly inhibited SAM-induced
activation of RyR/Ca2+ release channels. Figure 4b sum-

2

3
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marizes the effects of anti-PRMT1 antibody and rabbit
IgG on SAM-induced increase in the NPo of RyR/Ca2+

release channels. The anti-PRMT1 antibody substantially
blocked the stimulatory effect of SAM on RyR/Ca2+

release channels, but IgG alone had no effect on SAM-
induced increase of the NPo.

Effects of Ryanodine on SAM-Induced Activation of
Reconstituted RyR/Ca2+ Release Channels from
BCASM
To explore the mechanism by which protein methyl-

ation enhances the activity of RyR/Ca2+ release channels,
we performed a series of experiments to determine the
possible activating site of SAM-induced protein methyl-
ation. First, we examined whether SAM-induced activa-
tion of these channels is blockable by ryanodine to further
confirm the dependence of the SAM effect on RyR. As
shown in figure 5a, SAM increased the activity of RyR/
Ca2+ release channels from the SR in a concentration-
related manner. Pretreatment of the SR membrane with
ryanodine markedly inhibited SAM-induced activation of
RyR/Ca2+ release channels at a concentration of 30 ÌM
that inhibited RyR/Ca2+ channel activity without subcon-
ductance formation [14]. Figure 5b summarizes the ef-
fects of SAM-induced increase in the NPo of RyR/Ca2+

release channels before and after the SR preparations
were pretreated with ryanodine. In the presence of ry-
anodine, basal NPo of RyR/Ca2+ release channels was
reduced and the SAM-induced increase in the NPo of
these channels was markedly blocked.

Effects of FK506 on SAM-Induced Activation of
Reconstituted SR Ca2+ Release Channels from
BCASM
FK506 is a binding ligand of a RyR accessory protein,

FKBP, which can lead to a dissociation of FKBP from
RyR, thereby activating RyR/Ca2+ release. These experi-
ments determined whether protein methylation affects
the function of this accessory protein. Figure 6 shows the
effects of SAM on the SR RyR/Ca2+ release channels in
the presence or absence of FK 506 (100 ÌM). SAM signif-
icantly increased the activity of these channels in a con-
centration-dependent manner in the absence of FK506.
FK506 (100 Ìg) alone significantly increased the channel
activity. In the presence of FK506, SAM did not further
increase the channel activity at 0.01 and 1 mM.

Fig. 4. a Representative recordings showing the effects of SAM on
the activity of reconstituted Ca2+ release channels from coronary
arterial smooth muscle in the absence or presence of anti-PRMT
antibody. b Summarized data depicting the effect of SAM on the
NPo of reconstituted RyR/Ca2+ channels in the absence or presence
of anti-PRMT antibody (n = 6 hearts). Pretreatment of the SR mem-
brane with IgG served as negative control. Vehicle indicates addition
of the dilution solution for antibodies (cis-solution). * Indicates sig-
nificant difference from control (p ! 0.05). # Indicates significant dif-
ference from the values obtained from vehicle-treated group.
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Fig. 5. a Representative recordings showing the effects of SAM on
the activity of reconstituted Ca2+ release channels from coronary
arterial smooth muscle in the absence or presence of ryanodine
(30 ÌM ). b Summarized data depicting the effect of SAM on the NPo
of reconstituted RyR/Ca2+ channels in the absence or presence of
ryanodine (n = 6 hearts). Vehicle indicates addition of the solvent for
ryanodine (cis-solution). * Indicates significant difference from con-
trol (p ! 0.05). # Indicates significant difference from the values
obtained from vehicle-treated group.

Fig. 6. a Representative recordings showing the effects of SAM on
the activity of reconstituted Ca2+ release channels from coronary
arterial smooth muscle in the absence or presence of FK 506
(10 ÌM ). b Summarized data depicting the effect of SAM on the NPo
of reconstituted RyR/Ca2+ channels in the absence or presence of
FK 506 (n = 6 hearts). Vehicle indicates addition of the solvent for
FK 506 (cis-solution). * Indicates significant difference from control
(p ! 0.05).
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Fig. 7. a Representative recordings showing the effects of SAM on
the activity of reconstituted Ca2+ release channels from coronary
arterial smooth muscle in the absence or presence of anti-FKBP12
antibody. b Summarized data depicting the effect of SAM on the
NPo of reconstituted RyR/Ca2+ channels in the absence or presence
of anti-FKBP12 antibody (n = 6 hearts). Vehicle indicates addition of
the solvent for antibodies (cis-solution). * Indicates significant differ-
ence from control (p ! 0.05). # Indicates significant difference from
the values obtained from vehicle-treated group.

Fig. 8. Methylation of FK506-binding protein in the SR prepared
from bovine coronary arterial smooth muscle. Transferred 3H-
labeled methyl moieties were detected by measuring the radioactivity
of FK506 stripped protein from the SR incubated with [3H]-SAM
(n = 6). Sine indicates sinefungin and stripped designates the pre-
stripped SR incubated with [3H]-SAM.

Effects of Anti-FKBP12 Antibody on SAM-Induced
Activation of Reconstituted RyR/Ca2+ Release
Channels from BCASM
To determine if SAM-induced activation of RyR/Ca2+

release is associated with RyR accessory protein,
FKBP12, a specific neutralizing anti-FKBP12 antibody,
was used to examine the effect of blockade of FKBP12 on
RyR/Ca2+ release channel activity [13]. As shown in fig-
ure 7a, SAM increased the activity of RyR/Ca2+ release
channels (control). Pretreatment of the SR membrane
with an anti-FKBP12 (1:200) markedly inhibited SAM-
induced activation of RyR/Ca2+ release channels. Fig-
ure 7b summarizes the effects of this anti-FKBP12 anti-
body on SAM-induced increase in the NPo of RyR/Ca2+

release channels from BCASM. The anti-FKBP12 anti-
body substantially blocked the stimulatory effect of SAM
on RyR/ Ca2+ release channels.

Methylation of FKBP12 in the SR Prepared from
BCASM
Rapid filtration technique and radiospectrometry were

used to determine SAM-induced FKBP methylation and
to examine the effects of protein methylation. As shown
in figure 8, incubation of [3H]-SAM with the SR from
BCASM resulted in the accumulation of a methyl 3H
group on a fraction of FK506-bound protein, indicating
the methylation of this FKBP. Under control conditions,
0.096 fmol 3H methyl moieties were added per micro-
gram SR protein. This incorporation was completely
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blocked by mechanistically different protein methylation
inhibitors, 3-DZA, SAH and sinefungin. This suggests
that an enzyme-catalyzed methylation occurs. Important-
ly, when FKBP was stripped from SR proteins by FK506
incubation and centrifugation prior to addition of [3H]-
SAM, no methylation products could be detected in
stripped SR preparations. This further suggests that the
methylated protein in the SR used in this assay is FKBP.

Discussion

In addition to IP3 receptors, RyR are present in the SR
of vascular smooth muscle cells [26, 30–32]. Three sub-
types of the RyR, RyR1, RyR2, and RyR3, are described in
different tissues or cells. RyR3 is a predominant receptor
subtype on the SR of vascular smooth muscle cells [33]. In
recent studies, we have shown that RyR3 is present in cor-
onary resistance arterial smooth muscle, mediates Ca2+

release from the SR of these muscle cells, and participates
in Ca2+-induced Ca2+ release [13, 14] and the regulation of
vascular tone [15–17]. Using a lipid bilayer reconstitution
technique, this RyR is activated through dissociation of
its accessory protein, FKBP 12, and an endogenously pro-
duced cyclic nucleotide, cyclic ADP-ribose promotes the
dissociation of this protein and thereby activates RyR/
Ca2+ release channels [13]. The present study determined
the role of protein methylation in the regulation of this
RyR/Ca2+ release channel activity from arterial smooth
muscle. We provide the first functional evidence that
enhanced methylation activates RyR to release Ca2+,
which may represent an important regulatory mechanism
of intracellular Ca2+ mobilization and vascular tone.

SAM-dependent protein methylation has been re-
ported to activate the purified renal Na+ channels in
reconstituted planar lipid bilayers or the Na+ channels in
cultured A6 cells [10, 20]. In the present study, a lipid
bilayer channel reconstitution technique was also used to
examine the role of protein methylation induced by SAM
as a methyl donor in the activation of reconstituted RyR/
Ca2+ release channels from the SR of BCASM. We found
that SAM concentration-dependently increased the activ-
ity of RyR/Ca2+ release channels in BCASM, indicating
that the methylation response may activate these chan-
nels. To confirm that the effects of SAM are specifically
due to protein methylation, three selective mechanistical-
ly different inhibitors of methyltransferase were used to
test whether SAM response could be blocked. 3-DZA, a
membrane-permeable transmethylation inhibitor, specif-
ically blocks S-adenosylhomocysteine hydrolase, pro-

motes the accumulation of SAH and consequently inhib-
its SAM-dependent methyltransferases [36]. It was found
that 3-DZA substantially inhibited SAM-increased activi-
ty of reconstituted RyR/Ca2+ release channels, confirming
that SAM-induced activation of RyR/Ca2+ release chan-
nels is associated with protein methylation. In an addi-
tional series of experiments, another two specific inhibi-
tors of protein methylation, SAH and sinefungin, were
used. SAH is a potent product-feedback inhibitor of the
transmethylation reactions involving SAM as the methyl
donor [37], and sinefungin is a structural analog of SAH
[38, 39]. Consistently, both compounds significantly in-
hibited the SAM-induced increase in RyR/Ca2+ release
channel activity. From these results, we conclude that a
methylation modification may activate RyR/Ca2+ release
channels from the SR in coronary smooth muscle.

Next, we examined which enzyme is responsible for
the effects of protein methylation on RyR activity. There
are several types of protein methyltransferases, which use
SAM as a donor to transfer a methyl group to a nucleo-
philic oxygen, nitrogen, or sulfur acceptor in a polypep-
tide chain [1, 3, 8]. These methyltransferases that meth-
ylate amino acids of protein such as arginine have been
implicated in the processes of signal transduction [40–
42]. Recently, a protein arginine methyltransferase family
(PRMT) has been characterized and shown to participate
in a variety of cellular processes [1]. PRMT1 transfers a
methyl moiety to arginine and interacts with a variety of
proteins of interest, many of which are involved in cell
signaling [9, 40]. To explore the possibility that PRMT1 is
involved in the regulation of RyR/Ca2+ activity, we first
confirmed the presence of PRMT1 in the SR preparation.
By Western blot analysis with an anti-PRMT1 monoclon-
al antibody, a 35 kDa immunoreactive band was detected
in coronary arterial homogenate, cytosol and SR. This
provides direct evidence that PRMT1 is present in
BCASM, and it may mediate protein methylation of the
RyR. In lipid bilayer SR channel reconstitution experi-
ments, the anti-PRMT1 antibody was added into the cis
solution to examine if SAM-induced activation of RyR/
Ca2+ release channels could be blocked. As predicted, this
anti-PRMT1 antibody substantially blocked SAM-in-
duced activation of RyR/Ca2+ release channels, whereas
an unspecific rabbit IgG had no effect on the SAM-
induced activation of these channels. Together, these
results suggest that PRMT1 is present in the SR prepara-
tion and contributes to SAM-induced protein methyl-
ation, which increases the activity of RyR/Ca2+ release
channels in BCASM.
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To explore the mechanism of protein methylation-acti-
vating RyR/Ca2+ release channels, we determined the pos-
sible site of the methylation on the RyR of the SR from
BCASM. The RyR complex is a tetramer complex com-
prised of four RyR monomers [13]. Each of these mono-
mers binds to one FK506-binding protein (FKBP12) to
function as a RyR/Ca2+ release channel [43]. These bind-
ing proteins or monomers in the RyR complex are regu-
lated by different mechanisms. Recent studies have dem-
onstrated that protein kinase A (PKA)-induced phosphor-
ylation dissociates FKBP 12 from the RyR2 monomers,
resulting in an increased open probability (NPo) of these
Ca2+ release channels [44, 45]. More recently, we have
shown that cyclic ADP-ribose dissociates FKBP 12 from
RyR3, leading to Ca2+ release from the SR of vascular
smooth muscle [13]. In the present study, a series of
experiments were performed to determine whether pro-
tein methylation occurs on the RyR or FKBP 12. First, we
examined the effects of a high concentration of ryanodine
on SAM-induced activation of RyR/Ca2+ release chan-
nels. Since ryanodine directly binds to RyR and inhibits
the activity of RyR, these experiments would further con-
firm that the effect of SAM is associated with the activa-
tion of the RyR. Ryanodine indeed completely blocked
the SAM-induced increase in the NPo of RyR/Ca2+ release
channels. Although these results do not imply the direct
action of SAM-induced methylation on RyR activity, it
seems that a normal RyR activity is important and per-
missive for its methylation activation. Next, we tested
whether protein methylation occurs on FKBP 12 of the
RyR, since these accessory proteins are the important reg-
ulatory elements for its Ca2+ release activity in the SR of
BCASM. Western blot analysis demonstrated that both
PRMT1 and FKBP12 are present in our SR preparation,
and therefore the methyl group of SAM could be trans-
ferred to FKBP12 by PRMT1. To test this hypothesis, we
performed lipid bilayer channel reconstitution experi-
ments. When FK506, a binding ligand of FKBP 12 was
incubated with the SR bilayer preparations, the RyR/Ca2+

release channel activity was markedly increased. In the
presence of FK 506, SAM could not further increase the
NPo of these RyR/Ca2+ release channels, suggesting that
SAM and FK506 may share the same mechanism to acti-
vate these channels, which may be related to the dissocia-
tion of FKBP from RyRs. Furthermore, a neutralizing
anti-FKBP12 antibody was used to test whether SAM-
induced activation is associated with the functional activ-
ity of this RyR accessory protein. Addition of anti-FKBP
12 antibody in cis solution did not significantly alter the
basal activity of the RyR/Ca2+ release channels, but sub-

stantially blocked SAM-induced activation of RyR/Ca2+

release channels. It appears that the neutralizing anti-
FKBP 12 antibody itself does not lead to dissociation of
FKBP from the RyR, whereby the basal activity of the
RyR/Ca2+ release channels is not changed. In the presence
of this antibody, however, FKBP dissociation induced by
SAM methylation could be blocked. These results further
provide evidence indicating that the effect of SAM on the
activity RyR/Ca2+ release channels may be attributed to
enhancement of FKBP dissociation from RyRs due to its
methylation.

To provide direct evidence that SAM can methylate
FKBP, we incubated [3H]-SAM with the SR prepared
from BCASM and then separated 3H-bound FKBP by
FK506 dissociation and centrifugation. It was found that
[3H-methyl] was transferred to FKBP and all inhibitors of
protein methylation, 3-DZA, SAH and sinefungin com-
pletely blocked this FKBP methylation. In FK506 pre-
stripped SR, however, there was no detectable 3H-methyl
transfer.These results further support the view that SAM-
induced activation of RyR/Ca2+channels is associated
with the FKBP methylation. It should be noted that these
biochemical analyses did not rule out other FKBPs possi-
bly methylated in the reaction mixture since FK506 might
also dissociate them. However, since our previous study
demonstrated that FKBP 12 was a primary form of FKBP
in coronary arterial smooth muscle and that this FKBP
importantly participated in the control of RyR activity
[13], we believe that at least FKBP 12 is a primary methyl-
ated protein that mediates the action of SAM on RyR
activation. This view was strongly supported by the
results obtained from our bilayer recording experiments
using an anti-FKBP 12 antibody, as discussed above.

In summary, the present study demonstrated that a
methyl donor, SAM, activated RyR/Ca2+ release channels
on the SR of BCASM. This SAM-induced activation of
the RyR/Ca2+ release channels was substantially blocked
by the methylation inhibitors 3-DZA, SAH and sinefun-
gin. PRMT1 was present in the SR from BCASM. Our
results indicate that this PRMT1 contributes to the SAM-
dependent protein methylation of RyR, since the anti-
PRMT1 antibody blocked the effects of SAM, on the
activity of RyR/Ca2+ channels. In addition, a high concen-
tration of ryanodine, FK506 and anti-FKBP 12 antibody
also blocked SAM-induced activation of RyR/Ca2+ re-
lease channels. Biochemical assays demonstrated that
both PRMT1 and FKBP 12 were present in the SR pre-
pared from BCASM and 3H-methyl group was transferred
to FKBP protein when [3H]-SAM was incubated with the
SR. Taken together, these results suggest that protein
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methylation participates in the regulation of RyR/Ca2+

release channel activity on the SR of BCASM. This meth-
ylation may occur at an accessory FKBP of the RyR. It is
proposed that protein methylation of RyR may serve as a
novel signaling mechanism regulating intracellular Ca2+

mobilization in BCASM.
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